helical banister through the center of the staircase. The cross-sectional thickness of this banister is 0.5 mm. Intricate shapes with thin walls and hollow sections can be fabricated this way, and there is no geometrical constraint. We have also produced parts that approach 1 kg in weight. Examples are shown in figs. S1 and S2. There is no theoretical maximum part size; the limit will be determined by the magnitude of the build platform and furnace constraints.
One of the principal means of understanding upper mantle dynamics involves inferring mantle flow directions from seismic anisotropy under the assumption that the seismic fast direction (olivine a axis) parallels the regional flow direction. We demonstrate that (i) the presence of melt weakens the alignment of a axes and (ii) when melt segregates and forms networks of weak shear zones, strain partitions between weak and strong zones, resulting in an alignment of a axes 90°from the shear direction in three-dimensional deformation. This orientation of a axes provides a new means of interpreting mantle flow from seismic anisotropy in partially molten deforming regions of Earth.
Most of the chemical exchange between the interior and the surface of Earth occurs at plate boundaries and above plumes. In these regions, the interactions resulting from coupled fluid migration and mantle flow must be understood in order to interpret mantle structure (from seismology) and processes of melt-rock reaction (from melt chemistry). Anisotropy in the velocity of elastic shear (S ) waves and the polarization of compression (P) waves propagating through the upper mantle can be caused by preferred orientation of olivine and/or the alignment of melt pockets or melt-rich planes (1). Past and/or present flow directions in the mantle are generally assumed to be parallel to the seismically fast direction, corresponding to the a axis of olivine (2) (3) (4) . This assumption has recently been questioned on the basis of shear deformation experiments on olivine under high stress and high water-content conditions (5). However, many partially molten mantle regions, such as spreading centers, are relatively dry, low-stress environments (6) . We report the discovery of an alternative mechanism by which the parallelism between the seismic fast axis and the flow direction breaks down. We deformed partially molten mantle rocks under anhydrous conditions. Samples were placed between pistons cut at 45°and deformed in a geometry approximating simple shear at high pressure and temperature (P ϭ 300 MPa, T ϭ 1523 K) in a gasmedium deformation apparatus (7, 8) ( fig. S1 ; table S1). The samples consisted of olivine and mid-ocean ridge basalt (MORB) and olivine and MORB with either an additional melt (FeS) or solid (chromite) phase. The additional phases lower the permeability relative to that of olivine and MORB samples by partially plugging the melt channels, without substantially changing the rheological properties (7, 8) . In sheared samples of olivine and MORB, melt pockets align at ϳ20°to the shear plane and distribute uniformly across the sample (9) . During deformation of samples with reduced permeability, melt segregates from an initially homogeneous distribution into melt-rich layers or "bands" oriented at ϳ20°to the shear plane, separated by melt-depleted regions or "lenses." (Fig. 1, A  and B) . When melt segregates, strain concentrates in the weak melt-rich bands. The interaction of strain partitioning and melt segregation leads to self-organization of the melt-rich bands. These bands form anastomosing networks ( Fig. 1) , with larger bands at higher angles connected by smaller bands at lower angles. Because the distribution of band angles remains independent of strain, the melt in the bands must be moving relative to the solid. The spacing between bands is governed by the compaction length of the sample [supporting online material (SOM) Text, section 2], consistent with theory for porous flow in a permeable viscous deforming medium (7, 10) .
Crystallographic preferred orientations (CPOs) of olivine grains were measured for 1 undeformed and 10 sheared samples with electron backscatter diffraction (EBSD) analysis (8, 11) . In samples of olivine and MORB deformed in shear, the CPOs develop an "axial" pattern in which the b axes concentrate normal to the sample shear plane (the walls of the pistons) and the a and c axes form girdles in the shear plane ( Fig. 2A) . In samples with an added third phase (olivine and MORB with either chromite or FeS melt), all of which formed networks of melt-rich bands, the CPO is characterized by (i) significant concentrations of a axes normal to the shear direction; (ii) tight clusters of b axes oriented 15°to 20°from the pole to the sample shear plane, back-rotated relative to the orientation caused by simple shear; and (iii) significant concentrations of c axes rotated 15°to 20°counterclockwise from the sample shear plane (90°from the b axes) (Fig.  2B ). In six samples deformed to shear strains of ␥ ϭ 1.1, 2.1, and 3.3 to 3.5, the intensity of CPOs increases with increasing strain. In addition, all samples progressively decrease in thickness by up to 20% with increasing strain, accommodated by minor but important lengthening of the sample normal to the shear direction.
Observations from detailed studies of CPOs and microstructures by scanning and transmission electron microscopy (SEM and TEM) constrain the microstructural processes active in the samples (Fig. 1B) . A map of CPOs in the vicinity of a similar melt-rich band exhibits no significant spatial variations, suggesting that deformation in the bands does not modify the CPO (SOM Text, section 3). TEM observations reveal that dislocations with Burgers vectors parallel to the a axis outnumbered those with Burgers vectors parallel to the c axis (SOM Text, section 4). The density of dislocations is not elevated in olivine grains adjacent to stronger chromite grains, suggesting that the presence of chromite does not influence dislocation dynamics.
A commonly observed CPO for olivine deformed in simple shear at high temperature is characterized by a axes parallel to the shear direction, b axes normal to the shear direction, and c axes normal to the shear direction in the shear plane (Fig. 2C ) (3) (SOM Text, section 5). This pattern reflects the fact that in dry olivine, a slip on b planes is significantly weaker than a slip on c planes, which is weaker than c slip on b planes (12) . In contrast, in partially molten samples deformed at similar temperature and stress conditions as described in (3), the more diffuse CPO pattern is distinguished by a and c axis girdles in the shear plane with strong concentrations of b axes normal to the shear plane. Further, when melt segregates into bands, the b axes rotate 20°antithetic to the sense of shear, and concentrations of a and c axes appear 90°f rom their "normal" positions, referred to below as the "a-c switch" (Fig. 2C) .
First, we must explain how the oriented melt pockets weaken a and c axis concentrations relative to CPOs from melt-free samples (Fig. 2B) . Melt pockets provide a fastdiffusion path for olivine components, enhancing the importance of diffusionaccommodated creep and possibly grain boundary sliding in the direction of shear, whereas movement of dislocations accommodates the remainder of the interactions between grains, providing a mechanism for modifying the von Mises criterion (13) . Strong anisotropy in melt-pocket orientation (MPO) may randomize the orientations of a and c axes, while leaving orientations of slip planes (b axes) intact ("the MPO-CPO effect"). As long as melt pockets are oriented, which should occur at shear stresses higher than 0.1 MPa (14) , olivine CPOs in the mantle will be affected by the presence of melt.
Second, we argue that the transition in CPOs in going from samples of olivine and MORB ( Fig. 2A) to samples with melt segregated into networks of bands (Fig. 2B) is due to changes in the flow pattern rather than a change in the deformation mechanism. The latter CPO is similar to type-B CPO defined in (5) , which the authors of that paper attribute to a change in the behavior of dislocations at high water fugacity and high stress conditions. However, neither of these conditions applies to our experiments. Several lines of evidence disfavor a change in dislocation dynamics (e.g., a change from dominant a slip to c slip on b planes) as an explanation for the CPO observed in our experiments, discussed in (15) . We propose a kinematic explanation for the a-c switch, on the basis of three points, as follows:
1) The total strain in the sample partitions between the melt-rich bands and meltdepleted lenses. Although the bands comprise only ϳ20% of the total sample volume, the strain rate, and thus the strain, is higher in the weaker bands than in the stronger lenses. In the bands, shear strain is oriented at ϳ20°to the sample shear plane and, therefore, in the lenses the shear plane must be back-rotated relative to the sample shear plane (Fig. 3C) . This back-rotation is observed in the orientation of b axes in the CPO.
2) The observed CPO predominantly reflects deformation in the melt-depleted lenses, implying that the deformation in the bands is not contributing to or strongly modifying the CPO (16). Observations that the CPO is barely modified in the vicinity of a band (SOM Text, section 3) support this point.
3) The deformation that produces the CPO in the melt-depleted lenses is not simple shear, but it involves substantial components of strain normal to the shear direction. Alignment of a axes normal to the shear direction suggests that a slip on the b plane occurs normal to the shear direction (17). Because much of the shear strain is accommodated in the bands, the components of strain normal to the shear direction in the lenses have much greater expression in the CPO than they would if the bands were absent. This expression may be enhanced further by the MPO-CPO effect. Thus, the "mechanism" for a-axis orientation is the kinematic effect of strain partitioning, not a change in the dominant slip system. The influence of melt segregation and strain partitioning on CPO development will be even more effective in partially molten regions of Earth where deformation is more three-dimensional than in our experiments. The olivine a axes will rotate if the geometry of the overall flow in the region permits or requires an elongation of the melt-depleted lenses normal to the shear direction. An anisotropic network of melt-rich layers will affect the seismic properties of regions large in comparison to a seismic wavelength () if the separation between layers (␦ S ) is much less than a seismic wavelength (i.e., ␦ S Ϸ 10 0-3 m Ͻ Ͻ Ϸ 10 4 m). The configuration (comprising average thickness, spacing, angle, and topology) of the network depends on the physical properties of the solid and fluid, the kinetics of the processes governing their interactions and transport, and the geometric (kinematic) boundary conditions of regional flow. Some of these properties are encompassed in the first-order compaction length scaling argument discussed in (7) (SOM Text, section 2). Others remain to be studied experimentally and theoretically.
A literal extrapolation of the process discussed here may help to explain the complex seismic anisotropy observed in many partially molten regions of the upper mantle (18). Several potential examples include (i) vertical fast-direction measurements beneath the Reykjanes Ridge south of Iceland (19), (ii) trench parallel fast axes measured in the mantle wedge above subduction zones (20), or (iii) tangential patterns of anisotropy around plume heads, e.g., Iceland (21). Each of these observations has produced a range of hypotheses, a discussion of which is beyond the scope of this paper (22). However, the processes discussed here suggest detailed field-based (23) and seismological predictions and tests, which may influence our interpretations of the dynamics of partially molten regions of Earth. slip on the (010)[001] system. Such a change in dominant slip system could result from locally high stresses due to the strong chromite grains activating the (010)[001] slip system in olivine, which is much stronger than (010)[100] (12). However, this possibility is negated by the fact that the same CPO exists in the olivine and MORB with FeS sample, which forms bands with a weak melt phase (i.e., FeS) in place of strong chromite inclusions. Furthermore, TEM images of the dislocation structures revealed no evidence for a preponderance of dislocations with [001] Burgers vectors or with high local stresses (i.e., increased dislocation density). Because no evidence exists for a change in the relative strength of the slip systems, another explanation for the a-c switch must be invoked. 16. The absence of variation in the CPO around and within a band supports the conclusion that deformation in the bands does not contribute to or strongly modify the CPO (SOM Text, section 3). At least two reasons argue against formation of the observed CPO in the melt-rich bands: (i) To maintain a stable orientation during simple shear, the melt within the bands must move relative to the solid (7). Thus, the strain associated with a band at a given location will probably not be high enough to modify the CPO.
(ii) The deformation mechanisms may be different in the two regions because of increased melt fraction in the melt-rich bands. Granular flow or grain boundary sliding accommodated by diffusion with rigid rota- tion of the grains in the melt-rich bands would reduce the strength of the CPO produced in the lenses, but would not produce a different CPO. 17. The whole sample undergoes general shear, with a larger amount of simple shear (ϳ300%) and a smaller component of axial shortening (ϳ20%) (i.e., "transpression"). Models incorporating the influence of transpressional geometry of deformation on olivine CPOs produce girdles in a and c axes because the flattening component efficiently orients a and c axes radially (24). Because the simple shear component of deformation is partitioned between the bands and lenses, in the lenses the shear plane has a high angle to the principal compressive stress (lenses ␤ ϭ 45°ϩ 20°, bands ␣ ϭ 45°-20°) and, thus, the flattening component of strain is greater. The effect of the highly asymmetric strain partitioning is superimposed on the effect of transpression on the CPO and possibly on the MPO-CPO effect; the bands accommodate much of the strain in the shear direction, whereas the lenses accommodate most of the strain normal to the shear direction. Furthermore, the bands may accommodate some differential movement between the lenses normal to the shear direction, but cannot accommodate internal deformation of the lenses. The internal deformation of the lenses creates the observed alignments of a axes. 18. "Complex" often implies that seismic fast directions are not parallel to plate motions. However, for this proposed relation between flow and anisotropy to be useful, we must also explain why and when "normal" relations between flow and anisotropy exist. In the MELT experiment study area (25), seismic fast directions are parallel to plate motions. In purely passive upwelling, as in the East Pacific Rise, the flow may be sufficiently two-dimensional that the extrusion required to re-align a axes may not exist. . The waterstress mechanism and the one proposed here are likely to be mutually exclusive. When melting begins, olivine quickly dehydrates due to the strong partitioning of water into the melt (26), which is a likely scenario in a sub-ridge melting region and a plume head. Thus, a water-dependent mechanism may not apply to partially molten regions of the mantle. 23. In natural rock samples, new criteria must be used to identify the CPO reported here. Without knowledge of the shear direction and evidence of strain partitioning in a network of melt-rich bands, it would not be possible to distinguish this CPO from any other produced by a slip on b planes. To identify the effects of strain partitioning, one would have to establish the orientation of the a axes in relation to either the network geometry or some regional or macroscopic indicator of shear sense. Table S1 References
